The evolutionary origin of workerless parasitic ants parasitizing colonies of Leptothorax (s.str.) is investigated using data on morphology, chromosome number, and allozyme phenotype of both social parasites and their hosts. Of the three previously proposed pathways, the evolution of workerless parasites from guest ants or slave-makers is unlikely, at least according to a phenogram obtained by UPGMA clustering of Nei's similarities based on seven enzymes. Intraspecific evolution of the workerless parasites Doronomyrmex goesswaldi, D. kutteri, and D. pacis from their common host, Leptothorax acervorum cannot be excluded with the present data. The workerless parasite L. paraxenus, however, clearly differs from its host, L. cf. canadensis, in morphology and biochemistry, and most probably did not evolve from the latter species. It is proposed to synonymize Doronomyrmex under Leptothorax (s.str.).
INTRODUCTION
Eusocial insects by definition are characterized by a division of labor between non-reproductive workers and reproductive queens. Nevertheless, in a small minority of ant, bee, and wasp species, the worker caste has been secondarily lost. Instead of founding their own colonies solitarily, the queens of these workerless social parasites invade the nests of other, often closely related host species and exploit the present worker force to rear their own young. In Psyche [Vol. 102 ants, the queens of some parasite species kill all host queens ("murder parasites, " Faber, 1969) , but in other species parasite and host queen live and reproduce together (inquilines in the strict sense, e.g., Bourke and Franks, 1991) . The evolution of social parasites and in particular of socially parasitic ants has been extensively discussed starting with Darwin (1859) . Three main routes leading to workerless parasitism have been proposed" workerless parasites might evolve a) directly from the species or species group serving them as host (Emery, 1909; Wasmann, 1909;  Kutter, 1969; Buschinger, 1990; Bourke and Franks, 1991) ; b) from other parasites, such as temporary parasites, slave-makers, or guest-ants (Wasmann, 1908 (Wasmann, , 1909 Emery, 1909; Wilson, 1971) ; or c) from non-parasitic ancestors other than the host species (West-Eberhard, 1990; Bourke and Franks, 1991) .
The myrmicine tribe Formicoxenini (formerly Leptothoracini, Bolton, 1994) is extraordinarily rich in social parasites and thus provides an ideal system to investigate the evolutionary pathways to workerless parasitism (Buschinger, 1986 (Buschinger, , 1989 (Buschinger, , 1990 . Leptothorax (s.str.) (i.e, L. acervorum, L. muscorum, L. cf. canadensis and several other non-parasitic taxa), Formicoxenus, Harpagoxenus, and the palaearctic Doronomyrmex appear to be especially closely related (Buschinger, 1981 (Buschinger, , 1987 and have been grouped in a distinct subtribe within the Formicoxenini (Loiselle, Francoeur and Buschinger, 1990) . They nevertheless exhibit remarkably different life histories. Formicoxenus are guest-ants, which live in the nests of Formica, Myrmica, or Manica (Francoeur et al., 1985) . Formicoxenus workers beg food from their hosts but rear their own brood in separate chambers close to the host. The host colonies remain intact and continue to produce sexual brood (e.g., Wheeler, 1910) . Harpagoxenus are slave-makers, whose queens after invading a Leptothorax (s.str.) host colony kill or expel all adult residents. Leptothorax workers which eclose from the conquered brood serve as "slaves" and take care of the slave-maker queen's larvae. Harpagoxenus workers eventually pillage brood from neighboring Leptothorax nests, which after eclosion serve as additional slaves. Doronomyrmex kutteri and D. pacis are workerless parasites which tolerate the Leptothorax host queens, though they probably decrease host reproductive success by feeding on their eggs (Kutter, 1969; Franks et al., 1990) . D. goesswaldi, L. paraxenus, and L. wilsoni are workerless parasites which kill the host 1995] Heinze 197 queen, but not the adult host workers (Buschinger and Klump, 1988; Heinze, 1989; Heinze and Alloway, 1991) .
Several attempts have been made to deduce the evolutionary origin of formicoxenine murder parasites and inquilines from data on morphology, karyotype, and enzyme phenotype (Buschinger, 1981 (Buschinger, , 1990 Heinze, 1991) . Reviewing these previously published results and providing additional unpublished data, here I critically examine the hypotheses on the evolution of workerless parasites in this group and provide evidence that routes a and c are the most likely pathways leading to workerlessness.
MATERIALS AND METHODS
Colonies of parasitic and non-parasitic Formicoxenini (Table 1) Francoeur et al., 1985 L. cf. canadensis, the most common Leptothorax (s.str.) in New England, Qu6bec and the Canadian Maritime Provinces is also referred to as "large black L. 'muscorum'" (e.g., Francoeur, 1986; Loiselle et al., 1990) or Leptothorax sp. B (e.g., Buschinger, 1987, 1988; Heinze, 1989) . However, the original description of L. canadensis (Provancher, 1887) (Wheeler, 1917) , is found in the Canadian Rocky
Mountains.
Chromosomes were prepared from unpigmented male Leptothorax pupae following a procedure by Imai, Crozier, and Taylor 1977;  (see also Loiselle, et al, 1990 were crushed in 5-8tl tray buffer (with 0.01% bromothymol blue and amaranth as tracking dyes) and applied to the surface of the pre-soaked gel (tray buffer: 0.1M Tris/0.1M Maleat/0.01M EDTA, pH 7.4, 1" 10) using the Helena "Super Z" applicator. Gels were run for 30 min. at 200 V at 5C (see also Heinze, 1991) . Of 14 to 20 enzymes screened in Leptothorax acervorum, L. cf. canadensis, and L. sp. A, 7 which could reliably be stained and showed a reasonable amount of inter-or intraspecific variation, were chosen for a more detailed analysis of both host species and parasites. In most non-parasitic species, at least 20 workers from 10 different colonies were stained for each enzyme; sample sizes are typically much larger in GPI and PGM. Fewer workers were available from L. sphagnicolus, L. retractus, and the parasitic taxa. In species with limited material, where no allozyme differences were found between populations (L. paraxenus, L. wilsoni, F. quebecensis), data from different populations were pooled for the analysis. Not all of those enzymes found to be invariable among the non-parasitic species were stained in the workerless parasites. Nei's indices were calculated from allele frequencies and clustered (UPGMA) using the computer program NTSYS (Rohlf, 1990) ; in addition, a neighbor-joining tree (Saitou and Nei, 1987) was calculated. Stability of clusters in the UPGMA phenogram was tested by Psyche [Vol. 102 jackknifing over taxa (Lanyon, 1985) and by calculating a cophenetic regression coefficient.
Voucher specimens, wherever available, of the studied species are deposited in the MCZ, Cambridge, Mass., (USA).
RESULTS

Morphology
The current taxonomic confusion concerning the nearctic representatives of Leptothorax (s.str.) (e.g., Creighton, 1950; Brown, 1955; Francoeur et al., 1985; Heinze, 1989) (Brown, 1973; Bolton, 1982 Most queens of workerless parasites in Formicoxenini, and perhaps of workerless parasitic ants in general, are extraordinarily small compared to queens of the host species (Douwes, 1990; Nonacs and Tobin, 1992) . Queens of L. paraxenus are a notable exception, in that they are of similar size as the host queens. As small size is thought to be adaptive in parasites--parasite queens do not need much resources for colony founding and thus, a larger number of less well equipped, small queens can be produced from the same amount of energy available to the colony (Douwes, 1990 )rathe condition in L. paraxenus might reflect a recent origin from a non-parasitic ancestor.
Parasite queens are typically characterized by a broadened postpetiole, a strong ventral petiolar spine, and a larger Dufour's gland compared to their hosts. These features, however, are not restricted to social parasites but may be found to a varying degree also in the queens of free-living species such as Leptothorax sp. A and L.
gredleri.
Chromosome Number and Allozyme Phenotype
The significance of chromosome number as a taxonomic character is very poorly understood. Nevertheless, various studies have used chromosome analyses to clarify the taxonomy of Formicoxenini (Fischer, 1987; Heinze and Buschinger, 1989; Loiselle et al., 1990; Buschinger and Fischer, 1991) . Chromosome numbers in Leptothorax (s.str.) and associated genera range between 11 and appr. 28. Palaearctic Doronomyrmex have much higher chromosome numbers than their common host, L. acervorum. In contrast, the nearctic workerless parasites L. faberi (Buschinger, 1982) and L. paraxenus both have 15 chromosomes (L. paraxenus: 30 metaphase plates from 4 male pupae from Milton, Ontario), 1995] Heinze 203
whereas their host L. cf. canadensis has 17 or 18 (Heinze and Buschinger, 1989; Loiselle et al., 1990) . UPGMA clustering of Nei's indices calculated from seven enzyme systems which are of diagnostic value in the studied species results in the phenogram shown in Fig. 1 . Original data and Nei's indices are given in Tables 3 and 4 . Goodness of fit of the cluster analysis to the data was tested by comparing a matrix of cophenetic values, calculated from the tree matrix, with the original similarity matrix. The resulting cophenetic correlation of r 0.809 suggests a rather mediocre fit 6 .53, p 1.000). Nevertheless (Buschinger and Heinze, 1993) . In a previous study using cellulose acetate electrophoresis, "shiny" queens and workers of D. pocahontas from three colonies from the type locality differed from other studied species in having a very slowly migrating electromorph in the enzyme 6-Phosphogluconate dehydrogenase (PGD, Heinze 1989 ). According to the results of the present study with polyacrylamide gels, workers from three colonies with "dull" queens from the same collecting site, however, predominantly had the slowly migrating PGD electromorph found commonly also in other taxa in cluster B ( (Buschinger, 1981 (Buschinger, , 1990 Heinze, 1991). 208 Psyche [Vol. 102 The slave-making and workerless parasites studied here appear to be phylogenetically close to their hosts. Though the workerless L. wilsoni and the guest-ant genus Formicoxenus differ in several enzyme systems and morphological features from other taxa investigated in this study, they clearly belong to the Formicoxenini and within this tribe are probably closer to Leptothorax (s.str.) and its parasites than to Leptothorax (Myrafant) or other Leptothorax subgenera (see also Buschinger, 1981; Francoeur et al., 1985; Heinze, 1991 (198) proposed to distinguish between a loose form of Emery's rule--parasites and their hosts are close relatives (see also Wasmann, 1909 )--and a strict form--for a given parasite-host pair, the sister group of the parasite lineage includes the host species (Ward, pers. comm.) . The loose version appears to hold in all host-parasite pairs investigated so far (Ward, 1989; Agosti, 1994; Sanetra, Heinze and Buschinger, 1994) , with exception of guest ants which explicitly were never included in this rule. A relationship as suggested by the strict version, resulting from sympatric or allopatric speciation, cannot be disproven for some formicoxenine ants. Allozyme similarities suggest a close relationship between at least two of the three palaearctic, workerless Doronomyrmex and their common host, L. acervorum, as previously deduced from morphological characters (e.g., the presence of suberect hairs on scapes and tibia (Buschinger, 1990) ), sequence comparisons of a mitochondrial cytochrome b gene (Baur, Sanetra, Chalwatzis, Buschinger and Zimmermann, 1995) , and an internal transcribed spacer adjacent to the 5.8S rRNA gene (Baur, Sanetra, Chalwatzis, Buschinger and Zimmermann, 1996) . On the other hand, L. acervorum, L. gredleri, L. muscorum, and other taxa in cluster B are very similar in almost all studied enzyme systems, and it therefore cannot be ruled out that the three Doronomyrmex originated jointly or independently from ancestors other than L. acervorum.
